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Abstract. On 14 June 2001 the four Cluster spacecraft
recorded multiple encounters of the dawn-side ﬂank magne-
topause. The characteristics of the observed electron pop-
ulations varied between a cold, dense magnetosheath popu-
lation and warmer, more rariﬁed boundary layer population
on a quasi-periodic basis. The demarcation between these
two populations can be readily identiﬁed by gradients in the
scalar temperature of the electrons. An analysis of the dif-
ferences in the observed timings of the boundary at each
spacecraft indicates that these magnetopause crossings are
consistent with a surface wave moving across the ﬂank mag-
netopause. When compared to the orientation of the magne-
topause expected from models, we ﬁnd that the leading edges
of these waves are approximately 45◦ steeper than the trail-
ing edges, consistent with the Kelvin-Helmholtz (KH) driv-
ing mechanism. A stability analysis of this interval suggests
that the magnetopause is marginally stable to this mecha-
nism during this event. Periods in which the analysis predicts
that the magnetopause is unstable correspond to observations
of greater wave steepening. Analysis of the pulses suggests
that the waves have an average wavelength of approximately
3.4RE and move at an average speed of ∼65kms−1 in an
anti-sunward and northward direction, despite the spacecraft
location somewhat south of the GSE Z=0 plane. This wave
propagation direction lies close to perpendicular to the aver-
age magnetic ﬁeld direction in the external magnetosheath,
suggesting that these waves may preferentially propagate in
the direction that requires no bending of these external ﬁeld
lines.
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1 Introduction
Variations in the upstream solar wind velocity, pressure and
in the interplanetary magnetic ﬁeld act on the magnetopause
boundary, such that the latter may be in almost continu-
ous motion. The extent of this motion ranges from large-
scale surface motions to small waves or ripples (Kivelson
and Chen, 1995; Seon et al., 1995; Sibeck et al., 1999). It
is now widely accepted that magnetic reconnection or tear-
ing (Dungey, 1961; Russell and Elphic, 1979) is the most
efﬁcient means of transferring solar wind plasma across the
magnetopause (Sibeck et al., 1999). However, for low-shear
magnetic ﬁeld conﬁgurations, where the ﬁelds on either side
of the magnetopause are more nearly parallel, reconnection
is less likely to occur at low-latitudes, and other mecha-
nisms, such as diffusion (Truemann et al., 1995) and “vis-
cous” mechanisms (Axford and Hines, 1961; Miura, 1984)
may become relatively more important.
First suggested by Dungey (1955), the Kelvin-Helmholtz
instability (KHI) (Drazin and Reid, 1985) is a prime candi-
date for such an alternative energy transfer mechanism (Otto
and Fairﬁeld, 2000; Fairﬁeld et al., 2000; Nykyri and Otto,
2001). The KHI, or “wind-over-water” instability may occur
when two ﬂuids are in motion with respect to one another.
In this case, the stability of the interface between the two
ﬂuids to growth of boundary waves is dependent on the mag-
nitude of the velocity shear. Such a mechanism may occur
at the ﬂank magnetopause boundary, where the fast-ﬂowing
plasma in the external magnetosheath slides past more stag-
nant magnetospheric or boundary layer populations, creating
the velocity shear across the magnetopause necessary to in-
voke the instability. The growth of waves from the instability
is dependent on the local ﬂuid conditions. In particular, in
a classical ﬂuid, surface tension effects tend to counter the
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around the magnetosphere (Southwood, 1968), the surface
tension effects are mimicked by the action of the magnetic
ﬁeld, which also controls the development of the KHI (Chan-
drasekhar, 1961).
A signiﬁcant volume of work exists on the role of the
KHI at the magnetopause, from a theoretical (Dungey, 1955;
Southwood, 1968; Southwood and Hughes, 1983; Pu and
Kivelson, 1983a, b), observational (Ogilvie and Fitzenre-
iter, 1989; Fitzenreiter and Ogilvie, 1995; Kivelson and
Chen, 1995; Fairﬁeld et al., 2000) and simulation point of
view (Muira, 1995 and references therein, Otto and Fair-
ﬁeld, 2000; Nykyri and Otto, 2001). A comprehensive case
study of magnetopause waves was carried out by Chen et
al. (1993) (see also Chen and Kivelson, 1993; Kivelson and
Chen, 1995), where they compared boundary observations
made by ISEE-1 and -2 to MHD simulations reported by
Miura (1990). These authors determined the normals of the
inbound and outbound magnetopause crossings by calculat-
ing the cross product of vectors measured simultaneously on
opposite sides of the boundary. They suggested that the re-
sults were consistent with a symmetric tilting of the normals,
suchthattheboundarywavewouldbeofanon-sinusoidalna-
ture. Interestingly, the results were consistent with the lead-
ing, downtail edges of the boundary waves being much shal-
lower (i.e. less inclined from a nominal magnetopause orien-
tation) than the trailing, sunward-facing edge. The waveform
is thus somewhat akin to a wedge shape moving tailwards,
with the thinnest edge leading. These observational results
are at odds with theory, which suggests that the steepened-
faceoftheboundarywaveshouldbeattheleading(moretail-
ward) edge (Miura, 1990). However, more recently, Fairﬁeld
et al. (2000) compared GEOTAIL observations to the MHD
simulation results from a companion paper by Otto and Fair-
ﬁeld (2000). In this case, the observations were consistent
with the simulations, with the steepening of the leading edge
ofthewaves(downtailside), aspredictedbyKHItheory. The
reason for this discrepancy is not clear. Kivelson and Chen
(1995) suggest that the magnetic curvature forces at the low
shear boundary induce these steepened trailing edges. Fair-
ﬁeld et al. (2000) raise a question about the applied meth-
ods of determining the boundary normal directions in Chen
et al. (1993); small-scale variations along the boundary and
the incorrect determination of the boundary dimensions itself
(compared to the separation scale of the spacecraft) could
produce the erroneous results in the two-spacecraft method
applied by Chen et al. (1993).
The simplest description of boundary wave growth under
the action of the KHI is obtained by linearizing the ideal
MHD momentum and induction equations (e.g. Southwood
and Hughes, 1983; Treumann and Baumjohann, 1997), as-
suming that the length scale of the velocity shear (i.e. the
boundary thickness) is much smaller than the wavelength of
the driven boundary waves. Here, we consider the simple
case of an incompressible plasma in which the group and
phase velocity of the driven boundary waves are parallel to
the magnetopause (e.g. Pu and Kivelson, 1983a). For this
case, the condition for onset of the KHI and wave growth is
given by:
[k · (V1 − V2)]2 >
n1 + n2
µ0mpn1n2
h
(k · B1)2 + (k · B2)2
i
(1)
(e.g. Chandrasekhar, 1961), where V is the plasma ﬂow ve-
locity, n the plasma number density, B the magnetic ﬁeld
vector, mp is the proton mass, k is the wave vector and the
subscriptsrefertothetworegionsoneithersideofthebound-
ary. For a ﬂow shear |V1−V2|<(>)VCRIT, a critical value,
we have stability (instability) and hence, no wave growth
(wave growth). Note that VCRIT is dependent on both the
magnetic ﬁeld strength and orientation. In a conﬁguration in
which the magnetic ﬁelds on either side are perpendicular to
the ﬂow, a deformation of the shear layer boundary perturbs
the magnetic ﬁeld but in such a way that there is no tension
force, and VCRIT is effectively identical to that expected in
the case of an unmagnetized ﬂuid. However, for a ﬂow and
ﬁeld parallel to one another, the bending of the magnetic ﬁeld
during the growth of the waves will be opposed by the mag-
netic tension of the ﬁeld. This damps the wave growth and
thus effectively increases the magnitude of the critical veloc-
ity, VCRIT.
The inclusion of considerations of plasma compressibil-
ity in the above analysis (e.g. Southwood, 1968; Pu and
Kivelson, 1983a, b) adds complication to the behaviour of
the system. In particular, more than a single mode of sur-
face wave may arise, resulting in propagation perpendicular
to the boundary, and upper and lower bounds on the critical
velocity, depending on the sonic and magnetosonic speeds
(e.g. Pu and Kivelson, 1983a). Southwood (1968) showed
that the introduction of compressibility reduces the critical
velocity relative to that in the incompressible case. However,
in the case of super-Alfv´ enic ﬂows, the compressibility has
a stabilizing effect. It should also be noted that some work
on this topic has considered the effects of plasma variations
in the direction normal to the magnetopause, or where the
scale thickness of the plasma transition may be of the order
of, or larger than, the wavelength of the boundary waves.
In particular, a number of authors (Ogilvie and Fitzenre-
iter, 1989; Kivelson and Chen, 1995; Farrugia et al., 1998,
2000) have pointed out that the magnetopause itself may not
be Kelvin-Helmholtz unstable, while the inner edge of the
magnetopause boundary layer, located somewhat deeper in-
side the magnetosphere, may satisfy the instability criterion.
However, in the present study we concentrate only on obser-
vations of boundary waves at the magnetopause itself and so
consider only the incompressible case.
In this paper, we present Cluster observations of surface
waves on the dawn ﬂank magnetopause. We utilize the novel
and unique four-point measuring capability of this mission to
examine the 3-D morphology of these features on the scale
of the inter-spacecraft separations. The principal mission of
Cluster is to resolve spatial-temporal ambiguities, such as
those discussed above (e.g. Fairﬁeld et al., 2000), that have
arisenfromstudiesofsingle(anddouble)spacecraftobserva-
tions (e.g. the Chen et al., 1993 “reversed” wave proﬁle). In
particular, we compare the observed times of the transitionsC. J. Owen et al.: Cluster – magnetopause surface waves 973
Fig. 1. Energy-time spectrograms of the electron populations observed by the 4 Cluster spacecraft between 15:40 UT and 17:20 UT on
14 June 2001. The data shown in each panel represents a direction-averaged composite of the differential energy ﬂuxes recorded by the
two PEACE sensors on each spacecraft, such that the full energy range is 10eV to 32keV. The colour bar for the ﬂux levels is shown on
the right, while the ephemera data for the reference spacecraft (Cluster 3) is shown at the bottom of the ﬁgure. During the period shown,
the quartet was located on the dawn ﬂank of the magnetosphere. The data indicate that all 4 spacecraft underwent a series of transitions
between the magnetosheath (which exhibits intense differential energy ﬂuxes peaked at energies of a few 10s of eV) and the magnetosphere
or magnetopause boundary layer (where the differential energy ﬂuxes are less intense but peaked at energies of 100–200eV). Note that the
transitions between these two populations are rather periodic over this period, suggesting that the Cluster quartet is observing the effects of
a magnetopause boundary wave during this period.
of each spacecraft between the magnetosphere and the mag-
netosheath to calculate the speed and direction of those parts
of the surface wave which cross the Cluster quartet. In the
next section, we brieﬂy discuss the instrumentation on board
each of the Cluster spacecraft which is utilized in this study.
In Sect. 3, we describe the Cluster observations made dur-
ing the period ∼16:00–17:00 UT on 14 June 2001, which
indicate that the quartet made a large number of somewhat
regularly-spaced crossings between the magnetosphere and
the magnetosheath. In Sect. 4, we discuss the implications of
these new results before drawing our conclusions in Sect. 5.974 C. J. Owen et al.: Cluster – magnetopause surface waves
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Fig. 2. Magnetic ﬁeld and ion plasma data from the FGM and CIS instruments, respectively. Data from Cluster 1 is shown as the black traces,
Cluster 2 in red, Cluster 3 in green and Cluster 4 in magenta. The top 3 panels contain the 4 spacecraft FGM data, showing the elevation
angle, θB, the azimuth angle, φB, and strength |B| of the magnetic ﬁeld vector. The lower 5 panels show the ion density, temperature,
and 3 components of the ﬂow velocity observed by spacecraft 1 and 3. The cold dense plasma observed when the spacecraft are in the
magnetosheath is associated with ﬁeld strengths of |B|∼25nT, while inside the magnetosphere the ﬁeld strength of |B|∼15nT. The ﬁeld
direction on the two sides of the boundary is similar and points strongly northward, with only small deﬂections in ﬁeld direction at the
transitions. Inside the magnetosphere the ﬂow velocities are low, |V|< a few tens of kms−1, while in the magnetosheath an anti-sunward
(−VX) ﬂow of 100–200kms−1 is observed. The y-component of the ﬂow shows an oscillation about VY=0.
2 Instrumentation
This study uses electron measurements from the PEACE
(Plasma Electron And Current Experiment) instruments
(Johnstone et al., 1997; Owen et al., 2001) on the 4 Cluster
spacecraft, together with supporting observations of the mag-
netic ﬁeld by the FGM (Flux Gate Magnetometer) (Balogh
et al., 2001) and CIS (Cluster Ion Spectrometer) (R` eme et
al., 2001) instruments. The PEACE instrument consists of
two hemispherical electrostatic analyzers on each spacecraft
which measure the three-dimensional velocity distribution
of electrons with energies between ∼1eV and 26keV. The
two sensors on each spacecraft measure a different, but over-
lapping, part of the full energy range. On 14 June 2001C. J. Owen et al.: Cluster – magnetopause surface waves 975
the energy of electrons measured by the low-energy electron
analyzer (LEEA) covered the range ∼1eV to 1keV, while
the high-energy electron analyzer (HEEA) covered the range
∼40eV to 26keV. The FGM instrument consists of two tri-
axial sensors capable of sampling up to 67vectors/s. In this
study we use spin resolution (4s) magnetic ﬁeld data. The
CIS instrument provides information on the ion populations
from thermal energies to about 40keV/e.
3 Observations
On 14 June 2001 (day 165) the 4 Cluster spacecraft made
multiple encounters with the dawnside ﬂank magnetopause
between ∼16:00 and ∼17:00 UT. At 16:30 UT the Cluster
centroid was located at position (−5.5, −16.3, −4.2) RE
(Earth radii) in the Geocentric Solar Ecliptic (GSE) coordi-
nate system. Spectrograms summarizing the PEACE data
taken during this period are shown in Fig. 1. The 4 panels in
this ﬁgure show an energy-time spectrogram of the PEACE
data recorded by each of the 4 spacecraft between 15:40 UT
and 17:20 UT on this day. Each panel indicates the differ-
ential energy ﬂux observed between 10eV and 26keV, and
thus is a composite of data obtained by both of the PEACE
sensors on each spacecraft. These summary data consist of a
direction-averaged electron ﬂux derived on the ground from
a 2-D sample of the full 3-D distribution that is returned from
the spacecraft. This 2-D cut is taken from the plane that con-
tains both the spacecraft spin vector and the instantaneous
magnetic ﬁeld direction. An appropriate transformation of
this sample thus provides a measure of the pitch-angle dis-
tribution of the ambient electron population, under the as-
sumption that this is gyrotropic. Ephemera data for the ref-
erence spacecraft (Cluster 3) are given at the bottom of the
plot. Crossings of the magnetopause by each of the 4 space-
craft can be identiﬁed in this ﬁgure by both the changes in
the energy of the peak ﬂux and the ﬂux levels of the observed
electronsasthespacecraftmovesbetweenthemagnetosheath
and magnetosphere. Speciﬁcally, observations of differen-
tial energy ﬂuxes of the order of 10−3 ergs (cm2 sstreV)−1
peaked between 10 and 100eV, indicating that the spacecraft
were sampling magnetosheath plasma, while maxima in the
ﬂuxes located between 100 and 300eV represent observa-
tions of boundary layer plasma inside the magnetosphere.
The high ﬂuxes of electrons at energies of ∼10eV and below
aremostlikelyaresultofphoto-electronsofspacecraftorigin
entering the instrument apertures and should be ignored.
The magnetic ﬁeld data from the FGM instrument on each
of the 4 spacecraft and ion plasma data from the CIS instru-
mentsonspacecraft1and3areshowninFig.2. (Blacktraces
represent C1 data, red for C2, green for C3 and magenta
for C4.) The top 3 panels show the GSE elevation angle,
θB, the azimuth angle, φB, of the magnetic ﬁeld direction,
and the magnitude of the magnetic ﬁeld. In this represen-
tation, θB=90◦ represents a magnetic ﬁeld pointing directly
northward, θB=0◦ represents a magnetic ﬁeld lying within
the ecliptic plane, while φB=0◦ indicates a ﬁeld with a sun-
ward component, φB=90◦ a ﬁeld with a duskward compo-
nent. These 3 panels show that for the most part, the 4 space-
craft observe similar magnetic ﬂuctuations throughout this
period. Thetransitionsfromthemagnetosheathintothemag-
netosphere (and vice versa) are marked by a change in the
magnetic ﬁeld strength, with the magnetosheath side having
an average |B|∼25nT, while that in the magnetosphere has
a somewhat lower average value, |B|∼15nT. However, the
ﬁeld direction is less variable between the two regions, and
remains predominantly northward and dawnward (θB∼60◦,
φB=−50◦ on average) on both sides. Short duration shifts in
the direction of the magnetic ﬁeld tend to occur at the bound-
ary between the two plasma regions.
The lower 5 panels of Fig. 2 show the density, tempera-
ture, and 3 components of the velocity of the ions detected
by the CIS instruments on Clusters 1 and 3. In these pan-
els, the transition across the boundary is marked by a change
from a cold, dense plasma in the magnetosheath to a hotter,
more rariﬁed plasma inside the magnetosphere. In the latter
region the plasma ﬂow speeds are very low (V< a few tens
of kms−1), while in the magnetosheath anti-sunward ﬂows at
speeds of 100–200kms−1 are observed. Note, also, that the
y-component of the ﬂow shows an oscillation about VY=0.
A more detailed set of PEACE spectrograms, for the 4-
min period 16:04–16:08 UT, is shown in Fig. 3, in the same
format as Fig. 1. These cover a transition of the 4 space-
craft from the magnetosheath and into the magnetosphere at
∼16:05:15 UT, followed by a return to the magnetosheath
by all 4 spacecraft at ∼16:06:30 UT. It is immediately ap-
parent from this ﬁgure that the exit from and re-entry to the
magnetosheath were observed at different times at each of
the four spacecraft. In addition, the nature of the entry and
exit are qualitatively different. The exit from the magne-
tosheath observed by each spacecraft consists of a gradual re-
duction in the differential energy ﬂux and a gradual increase
in the electron temperature. While located inside the magne-
tosphere/boundary layer, C3 and C4 observe noticeable vari-
ations in the electron ﬂuxes. In contrast, the return transitions
are generally more abrupt, with a discontinuous change in
the electron population from that characteristic of the bound-
ary layer to that characteristic of the magnetosheath. The two
sets of magnetopause (MP) crossings shown in this ﬁgure are
rather typical of all the crossings observed during this period.
The relatively close spacing (∼2000km) and tetrahedral
conﬁguration of the Cluster quartet allows, for the ﬁrst time,
for an analysis of the 3-dimensional motion of the boundaries
encountered by the spacecraft. In order to achieve this, a
method which consistently identiﬁes the times at which each
spacecraft crosses a given boundary must be developed. In
principle, the boundary timings can be assessed from any of
the data sets which are available from 4 spacecraft. Sophis-
ticated boundary analysis methods have been developed for
use with the FGM data (e.g. Dunlop and Woodward, 1998).
These methods incorporate single spacecraft assessment of
the boundary orientation through minimum variance analy-
sis, in order to check the planarity of the boundary. How-
ever, the magnetic ﬁelds on either side of the magnetopause976 C. J. Owen et al.: Cluster – magnetopause surface waves
boundary observed in the period described above are largely
parallel. For this reason, the minimum variance analysis
does not return a meaningful result for many of the boundary
crossings observed during this period. The observed bound-
aries are predominantly plasma boundaries, and thus, in this
study, we assess the boundary timings using the PEACE ob-
servations.
Once the timings of the boundary crossings at each space-
craft have been determined, this information can be used to
deduce the motion of any given boundary, as described, for
example, in Owen et al. (2001). In this method we must as-
sume that the boundary is close to planar on the scale size of
the spacecraft separation, and moves with constant velocity.
The differences in the boundary observation times at each
spacecraft position can then be used to calculate the speed
and direction of motion normal to the boundary surface. As
noted above, the nature of the magnetopause boundary cross-
ings in the PEACE data is somewhat variable. However, to
quantify the timings, the boundary crossings by each space-
craft must be consistently identiﬁed within the data set. To
do this, we use the bulk moments of the electron popula-
tion calculated on board each spacecraft. In particular, we
identify the local maxima in the time rate of change of elec-
tron moments during the large changes that occur in these
data at each boundary. Comparison of the results of this
approach applied to both the density and scalar temperature
moments revealed that the magnetopause crossings could be
most readily identiﬁed from the gradients in the tempera-
ture moments from each spacecraft. It should be noted that
the technique employed here to determine boundary-crossing
times is adopted principally as a method whereby some as-
pect of the transition from the magnetosphere to the mag-
netosheath can be consistently identiﬁed within the PEACE
data set. Since the transition from the magnetosphere to the
magnetosheath must involve crossing the magnetopause, we
arbitrarily chose to associate this temperature gradient max-
imum coincident with a large total change in temperature
with the instant that each spacecraft makes a crossing of
the magnetopause. We assume that any errors in the tim-
ing between this temperature gradient maximum and the real
magnetopause crossing are systematic and identical at each
spacecraft, such that the timing analysis results are unaf-
fected.
Figure 4 shows the temperature moment changes during
the two magnetopause crossings previously shown in Fig. 3
above. The dashed line in this ﬁgure represents the effec-
tive temperature of the electrons determined by taking a mo-
ment summation of electron populations within the HEEA
(40eV to 26keV) range, while the solid line indicates the
magnitude of the gradient in this quantity. Note that for the
most part, the large temperature changes are associated with
a clear peak in the gradient. In the C3 data at 16:05:45 UT
there is a less clear association, and in this case the earlier
peak in the gradient is chosen as it coincided with a larger to-
tal change in temperature than the later peak. Using the times
identiﬁed as the peak gradient on each spacecraft, we can de-
termine the motion of the boundaries as outlined above. For
the case shown in Fig. 3, we ﬁnd that during the transition
from the magnetosheath into the magnetosphere observed at
∼16:05:30 UT the timings are consistent with a boundary
motion in the direction (−0.53, −0.58, 0.62) in GSE co-
ordinates and at a speed of 118kms−1 (i.e. GSE velocity
components (−62, −68, 73) kms−1). Conversely, during
the return transition from magnetosphere to magnetosheath
at ∼16:06:40 UT, the timings are consistent with a boundary
motion in the GSE direction (−0.69, 0.46, 0.56) at a speed of
82kms−1. The corresponding GSE velocity components are
(−57, 38, 46) kms−1. Note that the boundary normals deter-
mined here from the Cluster data can be directly compared
to the normal calculated on the basis of the Fairﬁeld (1971)
model magnetopause scaled to the spacecraft position. This
is calculated to be (0.32, −0.92, −0.23) in this coordinate
system. Note, also, that although a minimum variance analy-
sis of FGM data does not return a meaningful determination
of the boundary normal at each spacecraft for many of the
observed crossings, it can be used as a successful check on
the 4-spacecraft timing result for those crossings that it is
successful. For the ﬁrst crossing evident in Fig. 3, the min-
imum variance analysis of the corresponding magnetic ﬁeld
(not shown) fails. However, during the second crossing there
are sufﬁcient variances in the magnetic ﬁeld to determine an
MVA normal at the 4 spacecraft. In each case, the MVA
normal is within 15◦ of that determined by the 4-spacecraft
method, thus validating the results of the latter method.
A total of 21 magnetosheath exits and 23 entries similar
to those described above could be identiﬁed in the PEACE
data during the period 15:55–17:15 UT and these were ana-
lyzed using the above technique. The results of the boundary
motion calculations for these crossings are summarized in
Fig. 5, which is comprised of three panels showing, from top
to bottom, the boundary velocities in the X−Y, X−Z and
Y−Z GSE planes. Each panel includes the projection of the
orbit trajectory of the reference spacecraft (Cluster 3) in the
relevant plane (black line), together with the locus of the in-
tersection of that plane with the model magnetopause derived
from Fairﬁeld (1971) scaled to the spacecraft position (green
line). The boundary velocities are shown as vectors in each
panel, with the speed of the boundary in that plane being pro-
portional to the length of the vector drawn and the direction
in each case, indicated from the point on the spacecraft tra-
jectory at which the boundary motion was determined. The
length of a 100kms−1 velocity vector is shown to the right of
each panel for comparison. Boundary motions correspond-
ing to the transition of the spacecraft from the magnetosheath
intothemagnetosphereareshownasbluevectors, whiletran-
sitions from magnetosphere to the magnetosheath are shown
as red vectors. The differences between the magnetosphere
entry and exit vectors are most apparent in the Y−Z plane
(lower panel), where the entries (blue vectors) generally have
a dawnward component, while the exits (red vectors) gener-
ally have a duskward component. From the second panel,
it can be seen that almost all the velocity vectors have both
an anti-sunward and a northward component to their direc-
tion, and that the exits (red vectors) tend to have a largerC. J. Owen et al.: Cluster – magnetopause surface waves 977
Fig. 3. Energy-time spectrograms of the electron populations observed by the 4 Cluster spacecraft between 16:04 UT and 16:08 UT on
14 June 2001. The ﬁgure is in the same format as Fig. 1, but covers a shorter time period, during which the Cluster quartet made a single
transition from the magnetosheath into the boundary layer (∼16:05:15 UT) and then back into the magnetosheath (∼16:06:30 UT). Note that
the entries by all 4 spacecraft into the magnetosphere at ∼16:05:15 UT appear to be a more gradual transition than the exits at ∼16:06:30
UT, which show a much more discontinuous change in the electron ﬂuxes. This single entry-exit transition has characteristics that are largely
representative of all the other transitions evident in Fig. 1.
northern component than the entries. The average over all the
velocity magnitudes is ∼100kms−1, with the average mag-
nitude of the exit velocities being ∼120kms−1 and the en-
try velocities ∼80kms−1. The angles between the boundary
motion normals determined from the inter-spacecraft timings
and the model MP normal ((0.32, −0.92, −0.23) in GSE co-
ordinates) are shown in the upper two panels of Fig. 6. The
top panel of this ﬁgure shows these angles as a function of
time of observation of the boundary during exits into the
magnetosheath, while the lower panel shows the angles as
the spacecraft enter back into the magnetosphere. Note that
for an in-out breathing motion of the entire magnetopause,978 C. J. Owen et al.: Cluster – magnetopause surface waves
Fig. 4. Electron scalar temperature variations (dashed line, right-hand scale) observed by the 4 Cluster spacecraft between 16:04 UT and
16:08 UT on 14 June 2001 (c.f. Fig. 3). The transitions between the cool (∼30–40eV) magnetosheath and warmer boundary layer (> 100eV)
plasmas are evident in each panel. The solid lines (related to the left-hand scale) indicate the magnitude of the gradient in these temperature
proﬁles between each measurement. Relatively clear peaks occur in this parameter for each major transition in plasma temperature. These
peaks are used as a measure of the time that the boundary between the two plasma populations crosses each of the 4 spacecraft, and thus to
determine the orientation and speed of this boundary (see text).
these angles would be 0◦ for entries into the magnetosphere,
associated with dawnward motion of the boundary, and 180◦
as the boundary moves duskward to return the spacecraft to
the magnetosheath. The dashed lines in each panel represent
the average normal angle for all the magnetospheric exit and
entry events, respectively. Note that the angles associated
with entries to the magnetosphere are more variable than the
angles during exit. The mean normal angle during entries
is 68◦ away from the model magnetopause normal, i.e. only
22◦ out of the plane of the model magnetopause itself and
pointing into the magnetosheath (i.e. somewhat dawnward).
In contrast, the mean angle during exits is 138◦, or 42◦ away
from the model magnetopause plane and pointing into the
magnetosphere.
4 Discussion
The observations of boundary motion presented above
clearly show differences in velocity and angles between exit
and entry transitions, which are generally consistent with a
boundary wave. Note that the y-component of the bound-
ary velocities reverses between the inbound and outbound
transitions shown in Fig. 4, as might be expected during aC. J. Owen et al.: Cluster – magnetopause surface waves 979
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Fig. 5. Results of the boundary motion analysis for each of the
transitions evident in Fig. 1. The 3 panels show the motion of
the boundary projected onto each of the X−Y, X−Z and Y−Z
GSE planes. The intersection of the Fairﬁeld (1971) model mag-
netopause surface (scaled to the spacecraft location at 16:30 UT)
with each plane is shown as the green curve in each panel. The
spacecraft trajectory projected onto each plane is shown as the black
trace. The projection of vectors representing the speed and normal
direction of motion of each magnetosheath-magnetosphere bound-
ary in each plane are shown extending from the point on the orbit
trajectory corresponding to their time of observation. Vectors de-
termined for transitions from magnetosheath to magnetosphere are
shown in red, while those for transitions in the opposite sense are
shown in blue. The length of a vector representing 100kms−1 is
indicated at the bottom of the plot. From these results it is clear that
most boundary motions involve motion in the negative XGSE direc-
tion, indicating a tailward propagation of the wavetrain. In the Y−Z
plane (lower panel) it is also clear that most boundaries move in the
general directions expected for inbound/outbound crossings of the
magnetopause, consistent with motions of the magnetopause driven
by a set of boundary waves moving across the spacecraft locations.
large-scale breathing motion of the magnetopause. Indeed,
since the Cluster quartet is located close to the equatorial
ﬂank of the magnetosphere, any large-scale inward/outward
breathing of the magnetopause should manifest itself as a
predominant positive/negative y-component of the boundary
velocity. This oscillation is also seen in the VY component of
the ion velocity presented in Fig. 2. Clearly, however, both
the inbound and outbound boundary motions, consistent with
the data shown in Fig. 4, have signiﬁcant negative x- and
positive z-components to their motion, indicating a bound-
ary wave structure with wave fronts moving along the mag-
netopause in these directions. An anti-sunward (i.e. negative
x-directed) component of motion is perhaps not surprising
for boundary waves that may be driven by the magnetosheath
ﬂow. However, the strong, positive z-component to the mo-
tion is perhaps unexpected, especially as the Cluster quartet
is located slightly below the ecliptic plane where models of
the exterior magnetosheath ﬂow (e.g. Spreiter and Stahara,
1980) indicate a small component of ﬂow in the negative z-
direction. Indeed, no signiﬁcant z-component of the ﬂow ve-
locity is observed by the CIS instrument (Fig. 2) during the
period under consideration.
TheresultsfromthesinglewaveperiodshowninFig.4are
conﬁrmedasrepresentativeofthewholeperiodinFigs.5and
6, which show that on both entry to and exit from the magne-
tosphere, the local magnetopause is tilted quite sharply away
from its undisturbed orientation (as based on the Fairﬁeld,
1971 model). In addition, these ﬁgures clearly show that
during boundary encounters associated with entries into the
magnetosphere, the boundary is, on average, tilted further
away from its undisturbed orientation than during the returns
to the magnetosheath. A sketch illustrating a possible form
of this wave is given in Fig. 7. The entries into the magne-
tosphere discussed above have been drawn to correspond to
the leading edges of the wave, while the exits to the mag-
netosheath correspond to the trailing edges. The entry and
exit angles shown in the sketch are based on the mean angles
determined from the data shown in Fig. 6. The wave faces
thus appear to be steepest on the leading edge (i.e. those
associated with entries to the magnetosphere which are in-
clined into the anti-sunward direction of travel). This ob-
served steepening of the leading edge of the wave, with a
shallower trailing edge is consistent with KH theory (Chan-
drasekhar, 1961) and MHD simulations ofKH waves (Miura,
1990). However, some previous observations are in contrast
to this observation. In particular, the two-point study using
ISEE 1 and 2 by Chen et al. (1993) concluded that the trail-
ing edge of magnetopause surface waves was steeper than
the leading edge. We note that the difference between the
observed normal angles and the model magnetopause bound-
ary normal is clearly a function of the appropriateness of the
model in representing the undisturbed magnetopause at this
time. However, we believe that it is unlikely that the model
magnetopause used here is inaccurate by more than ∼10◦ or
so. Hence, although the absolute departures of the observed
normals from those of the model may change, the conclu-
sion that the angles determined from the 4-spacecraft timing980 C. J. Owen et al.: Cluster – magnetopause surface waves
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Fig. 6. Upper 2 panels: Plots of the angles between the boundary normals determined from the 4-spacecraft measurements and the Fairﬁeld
(1971) model magnetopause normal as a function of time of observation of each boundary. The upper panel shows the angles determined
during transitions from the magnetosphere into the magnetosheath, while the lower panel shows those angles determined during transitions
in the opposite sense. The dashed line in each panel represents the mean angle for the appropriate data set. Note that the wavefronts during
the latter transition are, on average, 79◦ away from the direction expected on the basis of the model magnetopause. In contrast, the transitions
from magnetosphere into the magnetosheath are only 34◦ away from the expected direction (along the inward pointing model normal). Thus,
the wavefronts associated with the former transition appear to be signiﬁcantly steeper inclined, on average, compared to the latter. Lower
Panels: Results of a Kelvin-Helmholtz stability analysis (c.f. Eq. (1)) for the magnetopause boundary based on data from Clusters 1 and 3.
The vertical axes of these panels show the ratio R of the two terms on either side of the inequality symbol in Eq. (1), such that values of
R>1 (i.e. above the dashed line in each panel) indicate the magnetopause to be Kelvin-Helmholtz unstable. For most of the period under
discussion, it appears that the magnetopause is stable to this mechanism. However, the brief periods for which instability is indicated appear
to correspond to times in which the angles of the observed wavefronts (upper 2 panels) are furthest from the expectations for an undisturbed
model magnetopause. This indicates that the wavefronts are steepest during these times.
analysis as the spacecraft exits the magnetosheath are steeper
than the entry angles is most likely appropriate. In addition,
we note that our results are consistent with those of some
other studies (e.g. Fairﬁeld et al., 2000).
Totestwhetherthe magnetopauseis unstabletothegrowth
of Kelvin-Helmholtz waves, we can attempt to evaluate the
inequality given in Eq. (1) above for each of the boundary
crossings. If the inequality is satisﬁed the magnetopause is
Kelvin-Helmholtz unstable. For this purpose, we use the ionC. J. Owen et al.: Cluster – magnetopause surface waves 981
plasma velocities V1 and V2 on either side of a boundary
crossing which are provided by the CIS instruments, the
magnetic ﬁelds B1 and B2 provided by the FGM instrument
and the electron number density n from PEACE. In order
to make an assessment of k, the unit wave vector, we ro-
tate the mean observed boundary normal, nBDY, (for pairs of
magnetosphere entries and exits) into the plane of the model
magnetopause via k=nMP×(nBDY×nMP), where nMP is
the model magnetopause normal. The results of the instabil-
ity analysis for C1 and C3 are shown in the lower panels of
Fig. 6. The CIS ion data from C2 and C4 were not avail-
able during this interval and thus, we are unable to perform
this analysis on the observations from these spacecraft. In
the lower panel, we show the ratio, R, of the terms on each
side of the inequality sign in Eq. (1), such that a value of R
larger than unity suggests an unstable boundary. For most of
the interval, the analysis indicates that the waves are Kelvin-
Helmholtz stable (R<1). However, when comparing these
results to the wave exit and entry angles in the upper panels,
we ﬁnd that instances where the observed data are consis-
tent with the magnetopause being Kelvin-Helmholtz unsta-
ble (R>1) generally occur in association with increases in
the wave exit angle, i.e. a steepening of the leading edge of
the wave. The Kelvin-Helmholtz instability is predicted to
cause such a steepening of the leading edge of surface waves
(Miura, 1990), consistent with our observations. However,
waves generated by means other than the Kelvin-Helmholtz
mechanism might also be expected to show a similar trend
between their leading and trailing edges, such that this alone
does not provide a conclusive identiﬁcation of the wave driv-
ing mechanism. Although the above analysis is inconclusive
in this case, it is informative to consider the general orienta-
tion of the boundary wave fronts to the magnetosheath ﬁeld
and ﬂow directions. As mentioned above, the wave fronts
generally appear to have a positive z-component to their mo-
tion, despite the location some 4.5RE south of the ecliptic
plane. During this period, the average magnetic ﬁeld ob-
served while the spacecraft are in the magnetosheath is (11.5,
−3.4, 17.7) nT, while in the magnetosphere the average ﬁeld
(6.4, −3.9, 14.2) nT. The average ﬁelds on either side of the
magnetopause boundary are thus close to parallel, separated
in direction by only about 10◦. Moreover, the ﬁelds point
predominantly in the positive X- and positive Z-directions,
which is approximately perpendicular to the direction of mo-
tion of the wave fronts inferred above. For this direction of
motion, therefore, the magnetic ﬁelds on either side of the
boundary lies along the crests and troughs of the wave, as
also indicated in the sketch in Fig. 7. Hence, the wave ap-
pears to be moving in the one direction in which the mag-
netic ﬁelds on either side of the magnetopause do not need
to be sharply bent in order to accommodate the wave, and
that most energy is, therefore, available for the wave growth.
This can also be seen mathematically in Eq. (1), in which the
terms k.B are smallest, and thus the inequality most likely to
be satisﬁed, if the wave vector k is perpendicular to the mag-
netic ﬁeld B. This appears to be the case, at least on average,
in the event presented here.
nMP
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Sheath
Wave motion
(in –ve X- and +ve Z-direction)
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Fig.7. Sketchillustratingtheaveragestructureofthemagnetopause
surface wave consistent with the results of the 4-spacecraft timing
analysis. These results suggest that the leading edge of the waves,
associated with transitions of the spacecraft from magnetosheath to
magnetosphere, are inclined from the expected orientation of the
undisturbed magnetopause by a larger angle, on average, than the
trailing edge associated with transitions in the opposite sense. In
addition, the direction of propagation of the waves, in the negative
GSE X- and positive Z-directions, is close to perpendicular to the
magneticﬁeldsoneithersideoftheboundary. Thissuggeststhatthe
wave growth and propagation occurs preferentially in the direction
in which the wave does not have to bend the surrounding lines of
magnetic force.
Finally, the wavelength of these surface waves can be
estimated by using the mean velocity of the waves across
the magnetopause (∼65kms−1) and the time differences be-
tween pairs of boundary crossings. In this manner, we ﬁnd
the mean wavelength is approximately 3.4RE.
5 Conclusions
Surface waves are common phenomena around the low-
latitude ﬂanks of the magnetopause (Kivelson and Chen,
1995; Seon et al., 1995). We have presented an example
of such waves observed by the 4-spacecraft Cluster mission,
located on the dawn ﬂank, on 14 June 2001. During a pe-
riod of ∼1h, the PEACE instrument on each spacecraft ob-
served a large number of quasi-regular transitions between
an electron plasma population with characteristics typical
of that of the magnetosheath and a more diffuse popula-
tion of higher energy which is typical of the ﬂank magne-
tosphere/boundary layer. The timings of each of these transi-
tions at each spacecraft have been determined by identifying
the times of maximum gradient in the electron temperature
moment. Differences in the transition times at each of the982 C. J. Owen et al.: Cluster – magnetopause surface waves
4 spacecraft have been used to determine the local orienta-
tion and speed of the associated magnetopause boundary as
it moves back and forth over the spacecraft location. These
orientations can be compared with the expectations for the
average magnetopause orientation determined from model
ﬁts to historical data (e.g. Fairﬁeld, 1971). This compar-
ison reveals that both the inbound and outbound crossings
of the magnetopause are signiﬁcantly deﬂected from the ex-
pected orientation, in the senses that are indeed consistent
with the passage of a boundary wave past the spacecraft loca-
tion. We ﬁnd also that the leading edge of the wave is signiﬁ-
cantly steeper in inclination to the model magnetopause than
the trailing edge. This observation is consistent with expec-
tations of Kelvin-Helmholtz waves (and possibly waves of
other origin), but contradicts the conclusions of the 2 space-
craft study presented by Chen et al. (1993). We tested the
conditions on either side of the magnetopause to determine
whether they satisﬁed the conditions for this boundary to be
Kelvin-Helmholtz unstable, based on the simple incompress-
ible plasma model. The boundary was found to be largely
stable during this period. However, we note that there is
some suggestion in the results that the sub-intervals which
satisfy the instability criterion are closely matched in time
with the steepest boundary orientations. The 4-spacecraft
timing results can also be used to determine the wavelength
of the surface waves and their speed and direction of prop-
agation across the model magnetopause surface. For this
event, we ﬁnd an average wavelength of ∼3.4RE, and that
the waves propagate at an average speed of ∼65kms−1 in an
anti-sunward and northward direction. The northward com-
ponent to the motion is unexpected, since the spacecraft are
located south of the GSE Z=0 plane, where the large-scale
magnetosheath ﬂow outside the magnetopause is expected to
have a southward component at this location. Indeed, the ion
ﬂows observed when the spacecraft are in the magnetosheath
(c.f. Fig. 2) do not show a signiﬁcant northward compo-
nent. However, the propagation direction is approximately
perpendicular to the average external magnetic ﬁeld direc-
tion, suggesting that these waves may preferentially propa-
gate in the direction which requires no bending of magnetic
lines of force. Although this observation is also consistent
with waves driven by the KHI, which are expected to grow
fastest when k.B is small, it may also be the energetically
most favourable conditions for the growth of other waves.
Hence, although the waves show characteristics that might
be expected of those driven by the KHI, we are unable at
present to deﬁnitively identify them as such.
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